Introduction
Many industries need an efficient method for cooling; using jet impingement is an attractive cooling process due to its capability of achieving a high-heat transfer rate. In some applications such as laser or plasma cutting processes, the jet impingement cooling can reduce thermal deformation of products. Maghrebi et al. [1] investigated the effects of nanoparticle volume fraction in hydrodynamic and thermal characteristics of an incompressible forced 2-D plane jet flow. Abdel-Fattah [2] carried out numerically and experimentally an investigation for impinging circular twin-jet flow with no cross-flow, his study was performed for high Reynolds number values. Confined impinging the air jet at moderately low Reynolds numbers was investigated experimentally by Baydar [3] , the study was performed for both single and double jets. Baydar and Ozmen [4] studied both experimentally and numerically the flow field and heat -------------- transfer of a confined impinging air jet at high Reynolds numbers, the flow was turbulent , the effect of both Reynolds number and jet to plat space was examined. Cavadas et al. [5] carried out numerically and experimentally for both Newtonian and non-Newtonian fluids the laminar impinging jet flow confined by sloping plane walls. Thermal performance of two types of both confined and unconfined impinging jets was performed by Choo and Kim [6] . Their study was performed for both air and water, the investigated parameters were the dimensionless pumping powers and jet to plat spacing. Guerra et al. [7] studied the behavior of velocity and temperature due to turbulent impinging jet by scaling log-laws. Owing to the increase in temperature differences between the jet and the target plate from confined impinging jets; the natural convection effect is remarkable, this effect was studied by Koseoglu and Baskaya [8] , both jet-to-plate spacing and Reynolds number effect was investigated. Lee et al. [9] introduced the different unsteadiness that developed within confined impinging slot jets. The study was performed for laminar impinging slot jets. Lee et al. [10] presented the effect of both Reynolds number and different channel spacing numerically. The impact of nanoparticles on the enhancement of heat transfer for confined and submerged impinging jet was performed experimentally by Nguyen et al. [11] , it has been detected that nanofluids with high particle volume fractions not appropriate for the heat transfer enhancement purpose under the confined impinging jet configuration. Ozmen [12] carried out experimentally confined twin jets resulting from the lower surface and impinging normally on the upper surface. San and Chen [13] studied for multiple numbers of jets the Nusselt number variation on a flat surface; the study was performed experimentally. San and Shiao [14] examined for heat flux conditions the effects of jet plate size and plate spacing on the heat transfer characteristics of a confined circular air jet impinging on a flat plate. Yousefi-Lafouraki et al. [15] studied numerically laminar forced convection in a confined slot impinging jet; the channel was in convergent shape, effect of different geometrical parameters and the Reynolds number values have been introduced. The thermal performance of confined impinging slot jet with air as a working fluid was studied by Zukowski [16] , effect of nozzle width, Reynolds number, and nozzle to plate spacing on the Nusselt number was investigated. Behnia et al. [17] simulated the heat transfer and flow in circular confined and unconfined impinging jet arrangements numerically; the study was performed for turbulent flow regions. Beitelmal et al. [18] studied the effect of the jet inclination angles on the heat transfer between a flat surface and an impinging two-dimensional jet with the air as a working fluid experimentally. The turbulent flow over moving flat surface due to slot air jet impinging on a moving flat surface was investigated by Senter and Solliec [19] . Yan and Saniei [20] studied the local convective heat transfer coefficients over flat plate due to impinging circular air jet experimentally; the jet was oblique, and the oblique angles were changed. Dagtekin and Oztop [21] investigated numerical heat transfer due to double impinging laminar slow jet within the one side closed long duct. It was found that the mean Nusselt number increases almost linearly with increasing of Reynolds number. Most of the researchers mentioned above considered the heat transfer enhancement by: changing the number of jets, the jet to plate spacing, the cooling fluid type or by adding nanofluids. This study concerned with 2-D water jet from a slot and impinging on a heated flat plate. The primary objective of this study is to examine the effect of both rib and nanofluids on the heat transfer performance. As such, the cooling of hot horizontal plate with two mounted ribs by a water Cu nanofluid is investigated in this paper.
Mathematical formulation
A schematic of the system under consideration is shown in fig. 1 The nanofluid contains water, and Cu nanoparticles are in thermal equilibrium with physical properties as listed in tab. 1. The Cu nanoparticles are assumed to be spherical in uniform shape and size. The nanofluid is Newtonian and incompressible, whereas the flow is laminar, and radiation effects are negligible. Constant thermophysical properties are considered for the nanofluid, except for the density variation in the buoyancy forces that are determined to the Boussinesq approximation. The properties of the nanofluids are given by the following.
The effective density of the nanofluid is:
The effective dynamic viscosity of the nanofluid given by Brinkman [22] is:
(1 )
The thermal diffusivity of the nanofluid is:
The heat capacitance of the nanofluid is: The thermal expansion coefficient is:
The effective thermal conductivity of the nanofluid is determined using the model proposed by Patel et al. [23] . For this two-component entity of spherical particle suspension, the model gives:
where k s and k f are the thermal conductivities of dispersed Cu nanoparticles and pure water. The experimental constant is σ = 36000 as suggested by Santra et al. [24] for a water-Cu nanofluid.
The diameter of solid nanoparticles is d s = 100 nm, and the molecular size of the base fluid is
where
) is the nanoparticles Brownian motion velocity, and
With the previous assumptions, the non-dimensional governing equations of continuity, momentum and energy for nanofluid are:
In previous equations, the following non-dimensional parameters are used.
The governing equations have elliptic nature. Therefore, boundary conditions on the entire solution domain must be specified for all field variables. The fluid enters with a uniform velocity profile. The no-slip condition is taken into account on the plate walls and surfaces of ribs (i. e. the nanofluid in contact with solid surfaces has the same velocity and temperature). The bottom wall has a constant temperature while the top wall is insulated. The non-dimensional boundary conditions are: -at lower surface, including the ribs surfaces: U = V = 0, and θ = 1, -at the upper surface: U = 0, V = -1, θ = 0 in the jet slot and U = V = ¶q/ ¶Y = 0.0, otherwise, -at X = ±20, V = ¶q/ ¶X = ¶U/ ¶X = 0.0.
Nusselt number
Equating the heat transfer by convection to the heat transfer by conduction at hot wall, including the ribs surfaces and introducing the dimensionless parameters gives:
where N are the non-dimensional co-ordinates (X or Y). The average Nusselt number is obtained by integrating the local Nusselt number over the horizontal hot wall, including ribs surfaces is: 
Solution procedure
The governing equations were solved using the finite volume technique developed by Patankar [25] . This method was based on the discretization of the governing equations using the central difference in space. The discretization equations were solved by the Gauss-Seidel method. The iteration method employed in this program is a line-by-line procedure, which is a combination of the direct method and the resulting tri diagonal matrix algorithm (TDMA). The grid effect on the solution for average Nusselt is listed in tab. 2. The convergence of the iteration is determined by the change in the average Nusselt as well as other dependent variables through one hundred iterations to be less than 0.01% of its initial value, fig. 2 .
Program validation and comparison with previous research
The accuracy of the developed program with its numerical technique should be checked in order to be validated. Hence, it was used for the current numerical simulations. The advanced program was confirmed with Dagtekin and Oztop [21] by performing simulation for forced convection heat transfer due to double laminar slot jets impingement onto an isothermal wall within one side closed long duct. 
Results and discussion
After the validation of the developed code, it was used for the current simulation; the analysis of the simulated results is introduced as follows. The results include the effects of pertinent parameters such as Richardson number (0.01≤ Ri ≤ 10), the solid volume fraction (0.01 ≤ φ ≤ 0.06), the distance between the two ribs (d/W = 5, 10, 15) and the rib height (b/W = 1, 2, 3) on their thermal performance were introduced. The stream lines and isotherms are symmetrical about the jet location and hence the stream lines will be represented on the right-hand side while the isotherms on the left-hand side, see figs.7 and 10.
Effect of Richardson number and solid volume fraction
The effects of the Richardson number and the solid volume fraction on the heat transfer and stream lines are deliberated. Figure 5 presents the stream lines for the Cu-water nanofluid (φ = 0.01, 0.03, and 0.05) and pure water at different Richardson numbers (Ri = 0.01, 1, and 10). For both pure fluid and the nanofluid, the stream lines show that as the Richardson number decreases (forced convection domain with high inertia force of the flow) large and strong vortices are formed over the ribs. The active stream lines at low Richardson numbers enhance the heat transfer from the hot surfaces (flat surfaces and ribs). The results displayed that there is no significant difference between the stream lines of the nanofluid and pure water; this is observed from the closing of the stream line strength for both pure water and nanofluid to the same value. Nevertheless, the nanoparticles effect will be pronounced in the enhancement of nanofluid thermal conductivity. Moreover, as the solid volume fraction increases the shear stress is enhanced between the layers of the nanofluid, and that is why the vortex bulk is increased in the nanofluid. At high Richardson numbers (natural convection domain), the conduction is the dominating mechanism of heat transfer. Therefore, the strength of the stream lines became weak and stretched above the hot surfaces. There is a significant difference between the stream lines of the nanofluid and pure water; this is observed from the difference of the stream line strength values for both pure water and nanofluid with higher the one being for the pure water. This is expected due to large density of the nanofluid with respect to pure water in the natural convection domain (weak driving force). This phenomenon can be explained by higher density and dynamic viscosity of the nanofluid. The effects of the solid volume fraction (φ) on the average Nusselt numbers at various Richardson numbers are studied and represented in fig. 6 . For all values of the Richardson number, the average Nusselt number increases as the solid volume fraction increase (high thermal conductivity), fig. 6(a) . The effects of the solid volume fraction on the average Nusselt number can be better understood by studying fig. 6(b) . This figure presents the augmentation of heat transfer included in the Nusselt number values; the figure also shows that more noticeable increase in Nusselt number at low Richardson numbers where forced convection is the primary heat transfer mechanism and decreases gradually as Richardson numbers increases, this behavior due to opposite effect of both down word forced convection (nanofluid flow direction) and up word natural 
Effect of Richardson number and rib height
The effects of both the Richardson number and the rib height on the heat transfer and the stream lines are studied. Figure 7 presents the stream lines and isotherms for the Cu-water nanofluid (φ = 0.03) for both different Richardson numbers (Ri = 0.01, 1, and 10) and different rib height (b/W = 1, 2, and 3). At small values of Richardson number (Ri = 0.01), the increasing in rib height generated a closed zone at the impingement part; this restricted area leads to the forming of larger and stronger vortices behind the rib in addition to the increase in the stream line strength. Also, a strong vortex formed before the rib, squeezing the flow near the hot surface, and this was the reason that leads to an enhancement of heat transfer. Moreover, the isotherms are closer to the hot surfaces. Consequently, a high-temperature gradient at the hot surfaces is established; this high-temperature gradient led to a high-heat transfer, especially when considering the increase in heat transfer area due to the ribs existence. As the Richardson number increases (weak flow), the generated closed zone vortex is stretched due to decreasing in the shear stress between nanofluid layers and so; the heat transfer decreases. The effects of the rib height on the average Nusselt number at various Richardson numbers are simulated and represented in fig. 8 . For small values of the Richardson number, the average Nusselt number increases with the rib height increase due to the forced convection becoming dominated with strengthen vortex. The increase in rib height leads to stronger vortices, more active stream lines and closer isotherms near the hot surfaces. For weak flow, the increasing in rib height leads to decreasing in heat transfer. The stream lines strength with b/W = 1 is larger than that of b/W = 2. At low Reynolds number this phenomen can be explained by the fact that, since the inertia force of the incoming flow is weak, the effect of small rib, looks similar as for high rib. Accordingly a small strength of stream function, where b/W = 3, has a significant drop in vortices strength behind and before the rib as the Richardson number increases, this effect is shown in fig. 8(a) . The effects of the existence of rib on the average Nusselt number can be better understood by studying fig. 8(b) . This figure presents the amplification in heat transfer included in Nusselt number values with respect to the existence of ribs. The figure shows that more noticeable increasing in Nusselt number due to rib existence at small Richardson numbers, and higher rib where forced convection is the primary heat transfer mechanism, but at high Richardson numbers the more elevated rib leads to decreasing in heat transfer intensity.
Effect of Richardson number and rib to a rib distance
The effects of both the Richardson number and the rib to the rib distance on the heat transfer and stream lines on the plate with ribs are studied. First, an efficient cooling with impingement jet is significant in the impingement zone. A cooling fluid with lower temperature (high-heat heat transfer rate) exists in the impingement zone. The cooling fluid temperature is increased gradually due to the escape of flow at the exit opened ports as shown in fig. 9 . From the figure, the lower cooling water temperature was at 0 < X < 6 from one side and the same from the other side, this low temperature enhanced the local Nusselt number within this zone (impingement zone), succeeding at 6 < X < 20 the water temperature increases gradually due to absorbed heat transfer by the cooling water led to less local Nusselt number. The Richardson number values affect the increase in temperature. Consequently, it is desirable to enhance the heat transfer in this zone by squeezing the flow in this region using closer rib to rib separation distance. The Richardson number has the same effect on heat transfer as previously discussed while the effect of a rib to a rib distance on the heat transfer rate is clearly observed in the present simulation case. As the rib to rib distance decreases, closed zone at the impingement part is generated, this closed region leads to larger and stronger vortices that are formed behind the rib in addition to the increase in the stream line strength, and also, strong vortices formed before the rib squeezes the flow near the hot surface which leads to enhancement in heat transfer more than ever at low Richardson number. Also, the isotherms are closer to the hot surfaces. Therefore, the temperature gradient at the hot surfaces is high; this leads to an increase in heat transfer. In contradictory behavior, as the rib to a rib distance increases extraordinarily, the effect of this rib is an elimination of heat transfer, and exclusion of this rib will be preferable, fig. 10 . It must be noted that, the perceptible enhancement in heat transfer was established at small rib to rib separation distance (d/W = 5), and no significant improvement in heat transfer is observed above this distance ratio.
Correlations for the average Nusselt number
The predicted values of average Nusselt number over the range of the investigated Richardson number and the solid volume fraction are fitted for b/W = 1 and d/W = 10, which is more applicable than the numerical values, fig. 11 . 
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Conclusions
The thermal performance of two ribs mounted on the bottom wall of a horizontal flat plate is numerically simulated. The plate with ribs is cooled by Cu-water nanofluid at different nanoparticles concentrations. The simulated results are summarized as follows.
• The heat transfer rate through the plate with ribs is increased with increasing the nanoparticles concentrations. The influence of the solid volume fraction with the increase of heat transfer is more pronounced at the lower values of the Richardson number.
• The heat transfer rate is significantly affected by the distance between the ribs and the rib height.
• At low Richardson numbers (forced convection mode) the long rib (b/W) trapped the cooling water within the effective cooling zone (impingement zone) leads to heat transfer augmentation, nevertheless, at high Richardson numbers (natural convection mode) the long rib (b/W) has no noticeable effect on heat transfer due to weak flow strength.
• As the rib to a rib distance decreases, amplification of heat transfer takes place. On the other hand, as the rib to rib distance increases, the enhancement of heat transfer is not extraordinary. • In conclusion, small Richardson number, higher rib height, nanoparticles addition and closed a rib to rib distance are essential parameters for efficient cooling. 
